Abstract We investigated the effect of thin polycyclic aromatic hydrocarbon (PAH) coatings on the structure of soot aggregates. Soot aerosol from an inverted diffusion burner was size classified, thermally denuded, coated with six different PAHs, and then characterized using scanning electron microscopy, light scattering, and mass-mobility measurements. Contrary to our expectation, significant restructuring was observed in the presence of subnanometer layers of pyrene, fluoranthene, and phenanthrene. These PAHs remained in subcooled liquid state in thin films, whereby the liquid layer acted as a lubricant, reducing the force required to initiate the restructuring. Thin layers of PAH of higher melting temperatures (perylene, anthracene, and triphenylene) presumably remained solid because these chemicals induced lesser structural changes. Our results suggest that some of the intrinsic PAH generated during incomplete combustion may induce significant restructuring of soot aggregates, even when present in small quantities, altering the properties and atmospheric impacts of combustion aerosols.
Introduction
Soot is a distinct type of carbonaceous material produced from incomplete combustion of carbonaceous fuels. Airborne soot particles are a major environmental pollutant, with negative impacts ranging from the reduction in air quality to climate warming [Bond et al., 2013; Shiraiwa et al., 2012] . The extent of these impacts depends strongly on the soot structure and composition, which vary significantly with the source and combustion regime [Adachi and Buseck, 2008; Maricq, 2007] . The mechanism of soot formation in combustion is highly complex and involves a large number of chemical and physical processes [Kern and Xie, 1991; Mansurov, 2005; Richter and Howard, 2000] . Under oxygen-deprived conditions, small radicals from fuel pyrolysis react to form acetylene, benzene, naphthalene, and larger polycyclic aromatic hydrocarbons (PAHs) [Frenklach, 2002; Johansson et al., 2015; Wang, 2011] . When PAH concentration reaches a critical threshold, inception of small soot nuclei takes place, which then grow and lose hydrogen to form primary spherules (or monomers) consisting mostly of graphitic elemental carbon. The spherules coagulate through random collisions to produce loose aggregates with a fractal dimension of 1.8-2.1 [Sorensen, 2011] . Under certain combustion conditions, some of the PAH and aliphatic hydrocarbons generated in the flame can survive the combustion process [Marr et al., 1999] and condense on soot aggregates, contributing from few percent to more than half of the particle mass [Khalizov et al., 2012; Sakurai et al., 2003; Slowik et al., 2004] .
The presence of intrinsic organic carbon on the surface of soot aggregates may significantly alter their environmental impacts and atmospheric aging pathways. For instance, PAHs show a broad spectrum of toxicity, including carcinogenicity and mutagenicity [Shiraiwa et al., 2012] . Organic coatings can be attacked by atmospheric oxidants, such as the hydroxyl radical, ozone, and nitrogen dioxide [Keyte et al., 2013] , forming reactive oxygen species (ROS), which may cause significant damage to cell structures [Ying et al., 2009] . If organic coatings are liquid, partitioning of semivolatile vapors may become possible in addition to condensation, significantly promoting the particle growth [Pankow, 1994] . Functionalization of the particle surface through oxidation, partitioning, and condensation increases soot hydrophilicity, transforming initially hydrophobic soot particles into cloud condensation nuclei (CCN) [Ma et al., 2013b; Zuberi et al., 2005] and ice nuclei [Kulkarni et al., 2016] The presence of coatings may induce significant irreversible changes in the structure of soot aggregates [Bambha et al., 2013; Zhang et al., 2008] . The extent of restructuring depends on the properties of the coating material and environmental conditions . Early studies have concluded that for liquid coatings, the force leading to compaction is the surface tension of the liquid that brings the primary spherules into a closer configuration to minimize the surface area and hence the surface energy [Kütz and Schmidt-Ott, 1992; Mikhailov et al., 1998 ]. Indeed, nonpolar liquids often cause less structural change [Bueno et al., 2011; Slowik et al., 2007] than polar liquids Saathoff et al., 2003] . It has been suggested that unlike liquids, some solid coatings, such as anthracene and other PAHs, may anchor the spherules more firmly in place, protecting the backbone from access by liquid coatings and hence preventing rearrangement [Slowik et al., 2007] . A lack of restructuring during atmospheric aging may have significant implications to the evaluation of the impact of soot on climate because both experimental measurements and calculations [Scarnato et al., 2013] indicate that the optical properties of soot depend on the aggregate compactness.
Accordingly, the initial goal of this study was to investigate the ability of intrinsic PAHs to anchor primary spheres in soot aggregates, preventing restructuring during subsequent atmospheric aging. Flamegenerated soot aerosol was size classified, thermally denuded to remove traces of intrinsic organic carbon, and then recoated with selected PAHs. The coating fraction and morphology of soot aggregates were probed using mass-mobility measurements, scanning electron microscopy, and light scattering. Contrary to initial expectations, we discovered that several PAHs (pyrene, fluoranthene, and phenanthrene) induced a significant restructuring of soot aggregates even when present in the form of a subnanometer layer.
Experimental Methods

Soot Generation, Processing, and Mass-Mobility Analysis
Soot was generated through combustion of natural gas in an inverted diffusion-flame burner [Coderre et al., 2011; Stipe et al., 2005] . The burner produces a stable output of soot aerosol in a broad range of particle sizes and concentrations [Kirchstetter and Novakov, 2007] . Under most combustion conditions, the particles have no measurable organic material ].
An integrated system ( Figure S1 in the supporting information) consisting of two differential mobility analyzers (DMAs), an aerosol particle mass analyzer (APM), a condensation particle counter (CPC), two thermal denuders (TD), and a set of pickup chambers was used to process and characterize soot particles [Gasparini et al., 2004; Khalizov et al., 2009] . In some experiments, particles were collected on silicon chips (Ted Pella) using a custom-built electrostatic sampler [Dixkens and Fissan, 1999] . A more detailed description of the burner and aerosol system is provided in Text S1.
Mass-mobility measurements provided two primary parameters, particle mobility diameter (D) and particle mass (m), which were used to calculate several secondary parameters, including mobility diameter growth factor (Gfd), mass growth factor (Gfm), effective coating thickness (Δr), effective particle density (ρ), dynamic shape factor (χ), and mass-mobility scaling exponent (Dfm) Khalizov et al., 2013; Sorensen, 2011] . A detailed description of the derivation of these parameters and information on the repeatability of measurements is provided in Text S3.
SEM Analysis
Soot particles collected on silicon chips were imaged with a LEO 1530 VP Field Emission Scanning Electron Microscope (FESEM), using a 5 kV accelerating voltage. For each sample, 12 randomly selected individual particles were imaged at different magnifications. SEM micrographs were preprocessed using Adobe Photoshop to adjust contrast and/or levels and then by a suite of MATLAB-based codes to extract several particle parameters (Text S2) [Dastanpour and Rogak, 2014; Soewono and Rogak, 2011] . The parameters calculated from images include maximum projected length (L max ), maximum width (W max ), monomer area (A p ), total projected area of the aggregate (A a ), and perimeter of the particle (P). The average monomer diameter was calculated from individual aggregates by measuring 10-15 monomers in each aggregate. The compactness of aggregates was characterized using convexity and roundness ( Figures S3 and S4 ).
The convexity is the ratio of A a over the area of the convex hull polygon, whereas the roundness represents
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The convexity and roundness vary between 0 and 1, the larger value representing more compact aggregates. Figure 1a shows a typical SEM image of a 350 nm uncoated soot particle, which is an open aggregate of primary monomer spheres. The monomers vary in size ( Figure S5 ), with an average diameter of 28 ± 7 nm, which is smaller than the monomer diameter produced by the inverted burner in previous studies (41 nm in Coderre et al. [2011] and 37 nm in ) but larger than in the studies utilizing Santoro-style diffusion burner Santoro et al., 1983] . The variation in the monomer size between studies is mainly caused by differing flame-quenching conditions, which depend on the global fuel equivalence ratio, flame temperature, and air/fuel flow speeds. In agreement with previous inverted burner studies , nascent soot aggregates contained less than 1% organic material by mass and exhibited a mass-mobility exponent of 2.22 (Table 2 ).
Results and Discussion
Morphological Changes in Soot Driven by PAH Layers
To investigate the anchoring effect of solid coatings, we exposed airborne soot aggregates to vapors of six different PAHs (Table 1) , including anthracene (ANT), phenanthrene (PHE), pyrene (PYR), fluoranthene (FLU), triphenylene (TRI), and perylene (PER). All these PAHs are solids at room temperature, spanning a broad range of molecular weights, number and relative arrangement of aromatic rings, melting temperatures, and fusion enthalpies [Roux et al., 2008; Van Noort, 2004] . Figure 1b shows the SEM image of a 350 nm soot aggregate coated with a 0.9 nm layer of ANT, as estimated from the particle mass measurement by the APM. The SEM resolution was insufficient to pinpoint the exact distribution of ANT on the aggregate surface. The coating may either evenly cover the aggregate or accumulate at junctions between primary spheres. Also, it is possible that during imaging some or all of the thin coating evaporated in high vacuum under the electron beam; for instance, particles composed of pure sulfuric acid or ammonium sulfate were stable at magnifications below about 15 k, but evaporated within seconds at magnifications above 200 k. Nevertheless, in agreement with our expectations, a thin layer of a solid ANT caused no visible impact on the structure of soot aggregates. Furthermore, soot aggregates that were first coated by ANT and then thermally denuded showed fractal morphology very similar to that of fresh and ANT-coated soot ( Figure S6h ).
When soot aggregates were coated with a comparable thickness layer of PHE, contrary to our expectations, significant structural changes were induced. As shown in Figure 1c , PHE-coated soot aggregates transformed Removal of the PHE coating through thermal denuding revealed a comparable compaction of the soot backbone as in the PHE-coated aggregate (Figure 1d ). Having tested all six PAHs, we found that they fall into two distinct groups. The PAHs in the first group, including ANT, TRI, and PER, show a limited ability to restructure soot aggregates ( Figures S6g, S6i , and S6k). The PAHs in the second group, including PHE, FLU, and PYR, can promote significant structural changes even when present in an amount corresponding to a subnanometer layer ( Figures S6a, S6c , and S6e).
The extent of restructuring of coated soot aggregates can be gauged quantitatively using convexity and roundness derived from SEM images ( Table 2) . For nascent soot, these parameters were 0.43 ± 0.06 and 0.25 ± 0.08, respectively. In cases where no visual restructuring was observed, such as for soot coated with ANT, TRI, and PER, convexity and roundness increased to 0.55-0.65 and 0.29-0.36, respectively. For particles with obvious restructuring, i.e., those coated by PYR, FLU, and PHE, convexity increased to 0.75-0.88 and roundness increased to 0.45-0.66. No significant differences were observed between the convexity and roundness of coated and coated-denuded soot, indicating that restructuring preceded thermal denuding and was not caused, for instance, by heating of the coated aggregates in the TD.
To complement SEM imaging, mass-mobility measurements were carried out to characterize morphological changes in coated and coated-denuded soot aggregates. Figure 2 shows variations in Gfd, ρ eff , χ, and Dfm in the 350 nm diameter soot aggregates that were coated by either PHE or ANT, or coated and then denuded f Temperature of the pickup chamber wall, K; the values in parentheses correspond to the temperature of significant restructuring onset; the gas temperature at the chamber centerline typically was 2-10 K below the wall temperature.
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(in latter case, Δr corresponds to the coating thickness before denuding). In Figure 2a , Gfd is plotted as a function of the relative change in the particle mass (Gfm) caused by the condensed PAHs, and also as a function of the associated effective coating thickness (Δr). For ANT, with the increase in Δr, there was a small (about 5% at Δr = 0.8 nm) increase in Gfd, while χ remained practically unchanged (Figure 2c ), indicating that the coated aggregates maintained their highly irregular shape. Such behavior provides evidence that ANT was distributed uniformly over the aggregate rather than located at the junctions between monomers, because otherwise, a decrease in χ would have been observed. After thermal denuding, the soot backbone showed a small, less than 3% decrease in Gfd, confirming an insignificant restructuring by ANT. Accordingly, ρ eff ( Figure 2b ) and Dfm ( Figure 2d ) remained practically unchanged. At a Δr of 0.75 nm, the effective densities of coated and coated-denuded soot were 0.27 and 0.31 g cm
À3
, respectively. Compared with the 0.29 g cm À3 effective density of fresh soot, the change was less than 7%. 
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In the case of PHE, there was an obvious decrease in Gfd already at the beginning of the coating process, followed by a steep drop when Δr approached a value of about 0.2 nm (Figure 2a ). At this critical point, a maximum compaction was reached, beyond which the aggregate could not restructure any further. Figure 2b shows that the effective density more than doubled at the critical point as a result of compaction, increasing from 0.29 g cm À3 for fresh soot to 0.60 and 0.63 g cm À3 for coated and coated-denuded soot, respectively. The dynamic shape factor decreased from 2.43 to 1.65 for coated and 1.67 for coated-denuded soot, suggesting that the particles acquired less irregular shape as a result of exposure to the PHE coating layer. After the critical point, Gfd of coated particles started to rise with the increase in Δr. However, for coated-denuded soot aggregates, both Gfd and ρ eff remained constant, confirming the above notion of complete compaction beyond the critical point.
Results of mass-mobility measurements for other particle sizes and other PAH coatings are provided in Text S3 and Figures S7-S10 . Overall, FLU and PYR coatings behaved similarly to PHE, whereas TRI and PER behaved similarly to ANT, in agreement with SEM imaging results. The critical point depended on the initial size of soot aggregates and also on the properties of the coating material. The mass-mobility exponent remained practically unchanged for ANT but increased sharply at the critical point for PHE (Figure 2d ). In the latter case, after the critical point Dfm remained nearly constant for coated-denuded soot, but showed an obvious decrease for coated soot, because for comparable pickup chamber temperatures, smaller particles gained relatively higher mass and also restructured less than larger particles. For this reason, Dfm of coated-denuded soot particles is a more reliable indicator of the structure of the aggregate backbone. As in previous reports, larger soot particles experienced a larger decrease in mobility diameter upon complete restructuring because they possessed more void space . The extent of restructuring also may have depended on the size of monomer spherules. In the study of , who used oleic acid and dioctyl sebacate (DOS) coatings, at the critical point there was less than 15% size decrease for the 350 nm soot aggregates composed of 37 nm monomers, significantly less than the 25% decrease observed in our study for the aggregates composed of 28 nm monomers.
Restructuring Mechanism
Our experimental observation of soot restructuring by PAH is rather unexpected because these chemicals are all solids with relatively high melting temperatures (Table 1 ). The significant restructuring may indicate the presence of a subcooled liquid-like PAH layer on the aggregate surface. For liquid coatings, the restructuring is described qualitatively as a sequence of three interconnected events [Glasstetter et al., 1991; Kütz and Schmidt-Ott, 1992] . First, when a thin coat of a wetting liquid is formed on the aggregate surface, the molecules of the liquid replace the solid-solid contact by a solid-liquid contact in the meniscus between spherules, reducing the surface energy and enabling sliding and rolling of the monomers [Kütz and Schmidt-Ott, 1992] . The wettability depends on the liquid-solid material combination and generally is expected to be higher for liquids of a lower surface tension. Next, when menisci grow sufficiently large to overlap across several spherules, the force caused by the surface tension of the liquid brings the spherules into a closer configuration to minimize the surface energy further . Liquids of higher surface tension are expected to promote restructuring more effectively at this stage. Finally, for the aggregate entirely immersed in a liquid droplet, if the liquid evaporates, the surface tension of the shrinking droplet may result in an additional compaction of the aggregate [Ma et al., 2013a] .
Both theoretical and experimental studies indicate that a skin layer could remain liquid well below the melting temperature of solid bulk material, and in the case of small particles, a melting point depression scales inversely with the particle size [Nanda, 2009] . During the melting phase transition in pyrene and coronene clusters, nearly identical linear relationships have been observed between the reduced melting temperature (T r ) and reciprocal cluster size (d) for these two PAHs [Chen et al., 2014] . We used the relationship for pyrene (T r = 1 À 1.303/d) to estimate the cluster melting temperature of the PAH in our study, assuming that the parameters derived for small clusters are applicable to thin films. The equivalent cluster diameter between 3 and 5 nm based on the range calculated by Chen et al. [2014] was chosen, which is well in excess of the effective coating thickness observed in our experiments (Figure 2 ). For all six PAHs there is a clear relationship between the aggregate convexity and coating T mc (Figure 1e) , where a lower convexity corresponds to more open aggregates coated by PAHs of a higher T mc . Based on the estimated cluster melting temperatures, the PAHs fall into two groups (Figure 1e ) with a boundary roughly corresponding to d = 4 nm ( (251-286 K) that are all below ambient temperature. This finding is in accord with a study by Aubin and Abbatt [2006] who have suggested that adsorption of small PAHs on soot is described better using a subcooled liquid rather than a solid vapor pressure. As shown in Table 2 , all three PAHs from the first group cause significant restructuring in soot aggregates. The second group (ANT, TRI, and PER) all have a T mc (318-372 K) well above room temperature and these PAHs show lesser impact on the soot structure. Significant differences in the visual appearance of particles ( Figure S6 ) and also sharply different mass-mobility profiles ( Figure S7 ) further support this differentiation. In addition to lower bulk and cluster melting temperatures, the first group of PAHs show lower enthalpies of fusion (16.5-18.7 kJ mol À1 ) than the second group (24.7-31.9 kJ mol
À1
). It should be noted that other materials, such as glutaric (pentandioic) acid, also form subcooled liquid layers on the soot surface and promote the aggregate collapse .
The restructuring of soot in our experiments was caused by a very thin layer of PAH. Similar observations of soot restructuring by presumably subnanometer coating layers have been reported recently for oleic acid [Bambha et al., 2013] and several volatile organic liquids [Miljevic et al., 2012] . For restructuring to take place, the sliding and rolling of the monomers with respect to each other must be enabled. Although a subnanometer liquid layer may help loosen the connections between individual monomers, the presence of significantly thicker coatings is typically required to induce the collapse Pagels et al., 2009] . We ruled out that the PAH coating thickness could be significantly underestimated due to evaporative losses (Text S4). Furthermore, in experiments with well-studied coating materials, such as sulfuric acid and DOS, we confirmed that our soot aggregates had structural-mechanical properties comparable to those in previous studies (Text S5). Finally, using measurements of the enhancement in light scattering as an indicator of compaction (Text S6), we established that the air drag and electrostatic force play no role in restructuring. Thus, the restructuring is driven solely by the coating layer present on the aggregate rather than by forces external to the aggregate. Although our reported effective coating thickness is rather small, the coating material is not necessarily distributed uniformly over the aggregate surface. Even if uniformly condensed, initially, a liquid can flow toward small angle cavities between monomers to minimize the surface energy, if the coating layer is sufficiently thick [Slowik et al., 2007] . However, transport in thin layers, such as in our study, occurs on a timescale of hours [Gao and Bhushan, 1995; Sedlacek et al., 2015] . Thus, the condensation of PAH must have occurred preferentially into small angle cavities between monomers, driven by a significant depression of the equilibrium vapor pressure from the inverse Kelvin effect [Crouzet and Marlow, 1995] . Using a simple geometrical model, we estimated that a uniform coating layer with Δr = 1 nm is equivalent to~10 nm thick pendular rings located at junctions between monomers. Such a ring thickness may be sufficient to provide forces required to initiate the aggregate collapse. One may assume that not all junctions are equal, some of them being less fused would be the first to yield in response to mechanical stress. The stress may be a result of the nonuniformly applied coating material, whereby the reduction in surface energy varies with position around a weak junction, causing mechanical failure and leading to restructuring.
Implications
Using mass-mobility measurements and SEM imaging, we show that significant structural changes can occur in soot aggregates coated by PAH. A very thin layer initiated an almost complete compaction in the case of phenanthrene, pyrene, and fluoranthene, but not in the case of anthracene, triphenylene, or perylene. The PAHs in the first group possess consistently lower melting temperatures; also, their extrapolated cluster melting temperatures T mc are all below ambient, whereas T mc of the second group are at least 20-70 K above ambient temperature. Based on these low values of T mc together with our experimental findings of soot restructuring, we suggest that some of the PAHs produced during combustion may exist in liquid state on the particle surface. Since coatings on atmospheric soot may contain thousands of individual PAH [Bouvier et al., 2007; Faccinetto et al., 2011] , further liquefaction through mixing becomes possible [Peters et al., 1997] . The presence of liquid films on solid particles may change their physical and chemical properties significantly. For instance, if the coating layer is liquid and can wet the soot surface, a significant restructuring may take place. The restructuring of soot aggregates can change their optical properties significantly, including both light scattering and light absorption. Additionally, the presence of liquid coatings can promote the partitioning of semivolatile vapors, enhancing the conversion of primary Geophysical Research Letters 10.1002/2016GL070877
